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ABSTRACT 

p21WAF11cIPllsD" was originally described as a protein 
expressed at high levels in senescent human fibro- 
blasts. We have studied the expression of p21 in 
adrenocortical cells, p21 is not expressed under 
most circumstances in the intact adrenal gland in 
vivo, except when the gland is damaged. When 
human and bovine adrenocortical cells are isolated 
and placed in both short-term and long-term culture, 
p21 levels are much higher. These levels did not 
show a large increase when the cells senesce after 
long-term proliferation. Thus, these observations 
raise the question of whether the elevated p21 in 
primary cultures of adrenocortical cells is caused 
by damage or whether p21 is elevated because the 
cells are dividing rather than quiescent, because it 
has been reported that p21 levels peak in G1 and G2 
in dividing cells. In the present experiments on 
bovine and human adrenocortical cells in primary 
culture, labeling techniques that correlated nuclear 
p21 with measures of cell proliferation (bromo- 
deoxyuridine incorporation and nuclear Ki-67 anti- 
gen) supported the hypothesis that p21 is associ- 
ated with cell division and not with damage. This is 
consistent with recent data showing that, when 
adrenocortical cells are transplanted into immuno- 
deficient mice, p21 is associated with healthy divid- 
ing cells in the transplant, p21 is not a unique marker 
for senescence, and more studies are required both 
to clarify its role in cell biology and to determine 
molecular features which characterize the senes- 
cent state of cells both in vitro and in vivo. 

INTRODUCTION 

p21 wAFI~cIPI~sD" is a multifunctional protein that inhibits 
cyclin-dependent kinases (CDKs) and blocks cycling of 
cells (1 - 4). One major role is to act as a mediator of the 
action of p53 in response to DNA damage, being respon- 
sible for p53-dependent growth arrest under those cir- 
cumstances where p53 causes arrest rather than 
apoptosis (5, 6). However, in undamaged cells growing 
in culture there are peaks of p21 in both the G1 and G2 
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phases of the cell cycle (7, 8). On the other hand, 
quiescent cells that are completely out of the cell cycle 
may have very low p21; most cells in vivo are quiescent 
and also do not express p21 (9). 

Our interest in p21 began when it was discovered by 
Dr. James R. Smith as a protein expressed at high levels 
in senescent human fibroblasts (1,4). In the time since 
its discovery, several hundred publications have docu- 
mented the role of the p21 in the biology of mammalian 
cells. Most of those experiments have been in cells in 
culture. 

In this laboratory, we have developed methods for 
studying growth, gene expression, and senescence of a 
differentiated cell type, the adrenocortical cell. Because 
we are able to isolate a pure population of cells freshly 
from the adrenal cortex, and plate them into primary 
cultu re, we are able to directly compare the biology of the 
cells in vivo with their biology in both short-term and 
long-term culture (10). More recently, we have extended 
this system by showing that the cells may be trans- 
planted into immunodeficient mice, where they form a 
functional, vascularized tissue structure (11, 12). The 
combination of these in vitro and in vivomodels provides 
a unique opportunity to study how proliferation, differen- 
tiation and senescence are regulated when cells are in 
these very different environments. 

Because of the role of p21 in the senescence of 
human fibroblasts, and because of its importance as a 
cell cycle regulator, we studied the expression of p21 in 
adrenocortical cells under different in vitro and in vivo 
conditions. We found very little expression of p21 in the 
intact human, rat, and bovine adrenal cortex, using 
immunohistochemistry, Northern blotting, and Western 
blotting (13 - 15). However, when human and bovine 
adrenocortical cells were isolated from the gland and 
placed in primary culture, p21 increased rapidly (13). In 
adrenocortical cells in culture, p21 mRNA levels re- 
mained relatively constant under all conditions studied; 
there was a tendency for p21 to increase when the cells 
reached senescence but this increase was not as dra- 
matic as that originally described for the senescence of 
human fibroblasts (13). 

When bovine adrenocortical cells were transplanted 
into immunodeficient animals to form a functional tissue 
structure, p21 levels were initially high immediately after 
transplantation (16) and remained detectable in many 
cells for long periods. However, eventually the level of 
p21 in the transplant tissues declined to essentially zero, 
thereby resembling the normal situation in the adrenal 

39 



gland in vivo(M. Thomas and P.J. Hornsby, unpublished 
observations). 

This behavior of p21 is consistent with two different 
hypotheses about its role in this differentiated cell type. 
The first is that its increase in cell culture results from 
damage to the cells during isolation from the intact gland 
(14). Continued expression in culture would indicate 
ongoing damage to the cells; only after long periods of 
time when the cells are returned to the in vivo environ- 
ment would the damage be reversed sufficiently for the 
p21 level to decline. The second hypothesis is that, 
despite its role as a cell cycle inhibitor, p21 is elevated 
because the cells are dividing rather than quiescent. 
When cells are placed in culture and they go from their 
normally noncycling state in vivo to rapid cell division, 
p21 increases as a part of that process (7, 8). When the 
cells are transplanted into an animal, their proliferation 
rate decreases dramatically, although it does not be- 
come zero for a long period of time (12). Therefore, the 
slow decrease of p21 in bovine adrenocortical cells after 
transplantation may result from the exit of the cells from 
the cell cycle. 

The present experiments in primary cultures of bovine 
adrenocortical cells, with additional data on primary 
human adrenocortical cells, provide evidence that sup- 
ports the second of these two hypotheses. 

METHODS 

Growth of adrenocortical cells in culture 

Bovine adrenocortical cells were derived by enzymatic 
and mechanical dispersion from the adrenal cortex of 
two-year-old steers, as previously described (17, 18). 
Human adrenocortical cells were prepared from glands 
from young adult kidney transplant donors by the same 
procedure. Primary cell suspensions were stored frozen 
in liquid nitrogen. 

Frozen cells were thawed and replated in Dulbecco's 
Eagle's Medium/Ham's F-12 1:1 with 10% fetal bovine 
serum, 10% horse serum, 0.1 ng/ml recombinant basic 
FGF (R and D Systems, Minneapolis, MN) and 1% 
UltroSer G (Biosepra, Villeneuve-la-Garenne, France) 
(17, 18) at 102 cells per 10-cm plate. 

For labeling with bromodeoxyuridine (BrdU), 30 pM 
BrdU was added to cultures; after one hour the cells 
were harvested as described below or the medium was 
replaced with fresh medium without BrdU when the cells 
were to be harvested later. 

/mmunocytochemistry 

Cells were removed from the culture dish by proteolytic 
digestion (17) and were embedded in a thrombin/fibrin 
clot (30 pl cell pellet was mixed with 30 pl fibrin glue and 
30 units topical thrombin in a total volume of 90 pl). The 
embedded cells were fixed in 4% paraformaldehyde, 
dehydrated, and embedded in paraffin. Sections (6 pm) 
were deparaffinized and rehydrated using graded alco- 
hol concentrations. Antigen retrieval was performed by 
heating at 100~ in 100 mM sodium citrate pH 6.0 for 15 

min. After blocking nonspecific binding with horse serum 
for 30 min., sections were incubated with mouse mono- 
clonal anti-human p21, clone EA10 (Oncogene Re- 
search Products, Cambridge, MA) at 1:20 dilution for 16 
hours at 4~ Unbound antibody was removed by wash- 
ing in PBS at room temperature and then a horse 
anti-mouse polyclonal antibody conjugated with biotin 
(Vector Laboratories, Burlingame, CA) was added at 
1:75 dilution for 1 hour at room temperature. The bound 
antibody was visualized by addition of avidin-Texas Red 
conjugate (Vector Laboratories) at 4 pg/ml in 50 mM 
sodium bicarbonate, 15 mM sodium chloride, pH 8.2, for 
45 minutes. Sections were washed in the same buffer. 
Sections were then stained by a second antibody to 
visualize proliferating cells, either as incorporation of 
BrdU or expression of the Ki-67 proliferation-associated 
antigen (19). In the case of dual staining for p21 and 
BrdU, unbound biotin on the section was blocked by 
incubation in a blocking buffer as recommended by the 
manufacturer (Vector Laboratories). The second anti- 
body was rat monoclonal anti-BrdU, clone BU1-75 
(Harlan, Indianapolis, IN), at 1:75 dilution, followed by 
visualization with an avidin-fluorescein conjugate using 
the procedure described above. For dual staining for p21 
and Ki-67, sections were incubated with a 1:10 dilution 
of mouse monoclonal clone MIB1 which had been 
directly conjugated to fluorescein (Coulter Cytometry, 
Miami, FL). 

Before observation by fluorescence microscopy, sec- 
tions were counterstained with a DNA-binding dye. 
Sections were incubated for 5 minutes at 4~ in 1 IJg/ml 
4',6-diamidino-2-phenyl indole (DAPI). After washing, 
sections were observed and photographed using a triple 
band (red/green/blue) emission filter in conjunction with 
single band (yellow/blue/ultraviolet) excitation filters. 
Numbers of nuclei labeled by the different antibodies 
used were counted from photographs of random fields; 
1000 to 5000 cells were observed for each cell harvest 
timepoint. 

RESULTS AND DISCUSSION 

In primary culture, bovine and human adrenocortical 
cells show three growth phases (10): first there is a lag 
of about 48 hours where no growth occurs; the cells then 
begin DNA synthesis and proliferate rapidly; this is 
followed by density-dependent inhibition of growth. They 
can remain in a viable nondividing state for extended 
periods in the density-inhibited cultures. We examined 
levels and patterns of proliferation and p21 immunore- 
activity during these growth phases. We used 
double-labeling techniques for the detection of p21 
together with bromodeoxyuridine (BrdU) or Ki-67 as 
proliferation markers (Figure 1). 

As expected, both BrdU incorporation and nuclear 
Ki-67 immunoreactivity were highest in the exponential 
growth phase, decreased slightly as the cells reached 
confluence, and declined to close to zero in the 
density-inhibited culture (Figure 2). 
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p21 in Adrenocortical Cells 

Figure 1 : Detection of p21 and incorporated BrdU in exponentially proliferating bovine adrenocortical cells. Pelleted cells were fixed and 
sectioned for immunocytochemistry as described in Materials and Methods. a, the total cell population is visualized with DAPI. b, the same 
section showing incorporation of BrdU. c, the same section showing labeling for p21. Note that nuclei which have incorporated BrdU and 
those which have p21 form two separate populations. One cell that is in mitosis, as recognized by DAPI staining of chromosomes, shows 
cytoplasmic rather than nuclear p21. Magnification x 300. 

Labeling with an anti-p21 antibody was almost entirely 
nuclear, except that cytoplasmic staining was noted in 
an occasional cell in mitosis (Figure 1). p21 was at its 
highest when the culture was in the exponential phase of 
growth and was lower when the cells became confluent 
(Figure 2). The percentage of p21 § cells remained at 
-5% in the density-inhibited state when BrdU incorpora- 
tion had declined to close to zero. Double-labeling 
studies showed that very few cells that are in S phase in 
the exponentially growing culture are p21+; the p21 § cells 
are almost all non-S phase cells (Figure 2D). However, 
as the cells became confluent and stopped dividing, the 
BrdU-labeled population was much more likely to be 
p21+. When double labeling was done for Ki-67 and p21, 
the patterns of labeling in the exponential, confluent and 
density-inhibited culture were the same, with the excep- 
tion that dividing cells in the exponential phase of growth 
were more likely to be p21 § when division was assessed 
by Ki-67 rather than BrdU. The greater extent of double 
labeling for p21 and Ki-67 than for p21 and BrdU likely 
reflects the fact that Ki-67 is found in the nucleus of 
cycling cells over more of the cell cycle than just S phase 
(19). 

When the same three phases of growth were investi- 
gated in human adrenocortical cells we found very small 
numbers of p21 § cells; the p21 § fraction was always less 
than 5% and was somewhat higher in the density-inhibited 
state (Figure 3). The small numbers of p21 + cells in 
exponentially growing and confluent cultures were en- 
tirely BrdU- and Ki-67-. As in bovine cultures, a few cells 
were p21§ + and p21+/Ki-67 § in nongrowing confluent 
cultures. Previously we observed that human adreno- 
cortical cells have relatively constant p21 levels over 

their life span in culture (13). While it cannot be ruled out 
that there is a lower level of p21 in a larger number of 
cells not detected by the present staining technique, it is 
also reasonable to concludethatthe p21 levels in human 
adrenocortical cell cultures are partially accounted for by 
high levels in a relatively small percentage of the cell 
population. However, the levels of p21 as assessed by 
Northern or Western blotting seem to be about the same 
in human and bovine adrenocortical cell cultures (13). 
This reinforces the possibility that the antibody staining 
procedure does not have a comparable sensitivity for 
human and bovine cells, even though the monoclonal 
antibody used was raised against the human p21 pro- 
tein. 

In proliferating bovine adrenocortical cell cultures, are 
the p21 § cells simply out of cycle (perhaps because of 
damage) or are they in fact cycling cells, but in a phase of 
the cell cycle other than S? We performed a time-course 
experiment to investigate whether cells that incorporate 
BrdU during S phase later become p21 § (Figure 4). Cul- 
tures were labeled with BrdU at 1,8, 16 or 24 hours before 
harvesting the cells. The numbers of BrdU § cells in- 
creased over the time of this experiment, presumably 
resulting partially from division of BrdU-labeled cells and 
partially from continued labeling of DNA from the intracel- 
lular pool of BrdU. Immediately after a 1-hour labeling 
period, only -1% of cells were both BrdU + and p21§ As the 
time between the 1-hour BrdU labeling period and har- 
vesting increased, the number of double-labeled cells 
increased approximately 5-fold. Thus, some cells that 
were in S phase became p21 + within the next 24 hours. 
However, the number of p21 + cells was more or less 
constant over the experiment. These results are consis- 
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Figure 2: Comparison of incorporation of BrdU (A) and nuclear immunoreactivity for Ki-67 (B) and p21 (C) in proliferating bovine 
adrenocortical cells in culture. Cells were incubated with BrdU for 1 hour prior to harvest at three different stages of growth; a, cells in 
log phase growth at approximately 50% confluence; b, cells which had just reached confluence but had not yet ceased dividing; c, cells 
which had been at confluence for 7 days. D shows the percentages of cells with nuclear p21 in the BrdU + and BrdU cell populations at 
the three time points at which cells were harvested. E shows the percentages of cells with nuclear p21 in the Ki-67 �9 and Ki-67- cell 
populations. 

tent with the hypothesis that p21 + cells are cycling, but not 
in S phase. Following one S phase, nuclear p21 increases 
in the G2 phase and in the following G1 phase (7, 8). 
During a second S phase, nuclear p21 levels would be 
expected to decrease again. The likelihood that many 
BrdU-labeled cells enter a second S phase limits the 
number of BrdUVp21 § that can be detected. Double 
labeling would be more likely in those cells with a longer 
time between cycles; the cell cycle kinetics are not likely 
to be absolutely uniform over the entire cell population (10, 
20). When a cell exits from the cycle and does not re-enter 
a new cycle, it is likely that p21 remains high for some 
period before then decreasing to very low levels. This 
behavior was noted in human fibroblasts at senescence, 
where very high p21 levels were progressively lowered 
after cells had been in a nondividing state for some time 
(21). Curiously, under confluent conditions, the small 
number of cells that are still cycling were much more likely 
to be p21 § than cycling cells in exponentially growing 
cultures. It can be speculated that such cells are traversing 
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Figure 3: Percentages of cells incorporating BrdU (A) and 
immunoreactive for Ki-67 (B) and p21 (C) at three phases of 
growth in human adrenocortical cells in culture. Cells were 
harvested at the same time points as for the bovine cells in 
Figure 2 and were processed for histochemistry in the same 
way. 
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Figure 4: Time course experiment showing nuclear p21 immunoreactivity in bovine adrenocortical cells labeled with BrdU. BrdU was 
added to the cells to confluent, but still dividing cultures and was removed after a 1-hour incubation. The cells were harvested at the 
indicated times (1, 8, 16, or 24 hours) following BrdU addition. The figure shows (A) percentages of cells labeled with BrdU; (B) the 
percentages of cells in the same section with nuclear p21, and (C) the percentage of cells in the sections that are positive for both BrdU 
and p21. 

a final cell cycle before exiting from the cell cycle because 
of the inhibition of cell division that occurs under crowded 
conditions in culture, but it is not clear how they are able 
to divide with high p21. Although p21 was originally 
described as a protein expressed at high levels in senes- 
cent fibroblasts (1, 4), in adrenocortical ceils p21 was 
detected throughout growth phases in culture and did not 
show the very large increase at senescence originally 
observed in fibroblasts (13). It may be that senescence 
does cause increased transcription of p21 in this cell type, 
but this increase is not readily detectable when levels of 
p21 are already being raised by other mechanisms. 

These data support a role for p21 in regulating the cell 
cycle in dividing adrenocortical cells, but other cell cycle 
inhibitors may be responsible for maintaining cells in a 
nondividing quiescent state both in culture and in vivo 
(21 - 24). These experiments do not suggest that p21 
was associated with damage of cells. On the other hand, 
there clearly is a role for p21 as a response to DNA 
damage in adrenocortical cells, both in culture and in 
vivo. In the intact adrenal gland, DNA damage rapidly 
increases p21 throughout the adrenal cortex, but this is 
not associated either positively or negatively with cell 
division (14, 15). 

We have recently been able to compare the behavior 
of p21 in bovine adrenocortical cells in culture and after 
transplantation into scid mice (11, 12). In the tissue that 
forms from cells transplanted in vivo, cells in the region 
of the tissue where cell division is occurring have nuclear 
p21 immunoreactivity whereas the region that is dam- 
aged and dying is p21- as well as Ki-67- (16). In long-term 

transplants of bovine adrenocortical cells proliferation 
declines to almost zero; in these tissues p21 § cells are 
very rare (M. Thomas and P.J.H., unpublished observa- 
tions). These long-term transplant tissues therefore 
resemble the normal bovine adrenal cortex in vivo, 
which has low proliferation and almost no expression of 
p21 (14). An increase in p21 was also noted immediately 
after transplantation, which does not appear to be asso- 
ciated with cell division, but may well be associated with 
DNA damage (16). However this is a transient response, 
and after a few days p21 + cells are exclusively found in 
the healthy dividing areas of the transplant tissue. 

Thus, despite a clear role for p21 as a response to 
damage in adrenocortical cells, the major role of p21 in 
primary cell cultures as well as in transplants appears to 
be to regulate the cell cycle in the fraction of the popula- 
tion that is undergoing cell division. The full role of p21 
in cell biology still remains to be determined, and the 
possible importance of p21 as a regulator of the cell 
cycle has to be balanced against the rather mild pheno- 
type of the p21 knockout mouse (22). The adrenocortical 
cell system, which uniquely combines in vitroand in vivo 
experiments on the same cell type, may play a role in the 
future elucidation of these questions. Moreover, p21 
clearly has multiple roles and high levels of p21 cannot 
be used as a molecular indicator of senescence in cells. 
The ability to study adrenocortical cells in both cell 
culture and in a cell transplantation model may reveal 
other molecular features which characterize the senes- 
cent state of cells both in vitro and in vivo. 
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